Energy transfer has been investigated in polyvinyltoluene (PVT) scintillators containing pyrene, p-terphenyl and naphthalene by measurement of scintillation pulse shapes and yields. It is concluded that there is an initial rapid diffusion of the excitation energy with solute molecules, residual monomer and PVT excimer sites acting as competing traps. At later times energy can transfer from residual monomer and PVT excimer traps to the solute either radiatively or via long-range resonance, and the efficiencies of these processes are governed by the absorption characteristics of the solute.
Introduction
The scintillation mechanism in plastic scintillators, as in other organic scintillators, can be divided into a primary and a secondary process (Birks 1964) . The primary process is the absorption of ionising radiation to produce excited states and the secondary process is the decay of these back to the ground state. In the present work the secondary process in binary polyvinyltoluene (PVT) scintillators containing pyrene, p-terphenyl and naphthalene has been investigated. Since a binary plastic scintillator generally contains only a small concentration of solute and most of the emission is spectrally characteristic of this, it follows that excitation energy is transferred from the plastic to the solute. An understanding of this energy-transfer process is therefore of central interest.
The first explanation put forward to account for the energy transfer was simple radiative transfer (Koski 1951) , but it was soon realised that both radiative and non-radiative processes are important (Swank and Buck 1953, Krenz 1955) . It was also realised that species other than the polymer chromophore and the solute could be of importance; Hirayama (1963) pointed out the existence of excimer forming sites, and Basile (1962 Basile ( , 1964 investigated the effect of residual monomer. Powell (1971) suggested a mechanism for the energy-transfer processes occurring in 'Pilot B' plastic scintillators, and the present work represents a modification and generalisation of the mechanism proposed.
There are three energy-transfer processes to be considered : radiative transfer, longrange resonance transfer and exciton diffusion. Each of these has its own characteristic X-Y p l o t t e r T e l e t y p e effect on the shape of the scintillation response function and relative yield. The measurement of scintillation response functions and yields is therefore a particularly useful technique by which to study electronic energy transfer. The instrument constructed for this purpose is described in 42.1, and the remainder of $2 presents the other relevant experimental details. Section 3 is a summary of the properties of the three energy-transfer mechanisms, with particular reference to their effect on the scintillation response function. In previous treatments of long-range resonance (Birks 1968 ) the expression for the response function of the acceptor is only valid in cases where the unquenched lifetime of the donor is shorter than that of the acceptor. Section 3.3 contains an expression which covers the converse case, and the derivation of this is given in the appendix.
The remainder of the paper is devoted to the presentation and interpretation of results, and the elucidation of a mechanism for the secondary process.
S c a l e r
Experimental

Response function measurements
Scintillation response functions were measured using a single-photon delayed-coincidence time spectrometer similar to that described by Bollinger and Thomas (1961) . The instrument, which is shown schematically in figure 1, will be described in detail in a subsequent paper and is therefore described only briefly here. There are two major differences between this and previous instruments:
(1) the start timing is derived from an independent scintillator rather than from scintillation of the specimen; and (2) a right-angle detection geometry is used so that lead shielding can be incorporated to reduce the number of coincidences caused by Cerenkov radiation generated in the window of the stop photomultiplier tube.
The independence of the start channel from the specimen is a particularly significant advance because it results in the instrumental response profile I ( t ) being sample independent thus enabling a direct comparison of both pulse shapes and intensities.
In the ideal case the observed pulse shape (i.e. the scintillation pulse profile P(t)) would be identical to the scintillation response function F(t). However, because of the finite time resolution imposed by I(t), these functions are related by the expression
where the asterisk represents a convolution. The FWHM of the instrumental response for the present measurements, measured by replacing the specimen by a perspex specimen of the same dimensions and observing the Cerenkov radiation generated in it, is about 1.4 nanoseconds. The detection of Cerenkov radiation by this technique is a good illustration of the ability of the instrument to measure the pulse profiles of even very weak emissions. The instrumental response profile is shown in figure 2 .
The mode of excitation in the above instrument is the gamma-ray emission from "Na, the radioactive decay of which results in the emission of a 1.28 MeV gamma ray and two 0511 MeV positron annihilation gamma rays. It is important from the point of view of the subsequent discussions to realise that the primary scintillation process in the absorption of these gamma rays results in the almost instantaneous (i.e. under 20 picoseconds) creation of a population of excited polymer segments predominantly in their first excited singlet state. 
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Specimens
A list of the specimens studied and their origins is given in table 1. The home-made specimens were prepared by dissolving pre-determined quantities of zone-refined solute in vacuum-distilled monomer, degassing by a repeated freeze/thaw cycle, and polymerising the degassed mixture by heating in a temperature-controlled oil bath at 100°C for 14 days. The main difference between the above samples and those supplied by Nuclear Enterprises Limited was that the latter were polymerised under a nitrogen atmosphere rather than under vacuum. The results however indicate that this difference produces no change in properties. 
Other experimental details
A number of additional measurements have been performed using instruments other than the one described in 42.1. Fluorescence lifetimes were measured using an instrument reported by Birch and Imhof (1977) . This instrument uses the single-photon delayed-coincidence technique with a thyraton gated flash-lamp for excitation. The data analysis technique, which involves a convolution procedure and a non-linear least-squares analysis with a x2 goodness-of-fit criterion, is of particular relevance and the reader is directed to the reference for further details. This analysis technique was also employed in the analysis of some scintillation pulse profiles.
Fluorescence spectra in both transmission and reflection were measured using an instrument described by Al-Obaidi (1975) , and absorption spectra were measured using a Pye Unicam SP8000 ultraviolet recording spectrophotometer.
Theory
Radiatice transfer
In the scintillators under consideration, radiative transfer may occur from excited polymer segments to residual monomer and solute molecules, and from PVT excimers to solute molecules. Other possibilities can be excluded due to a lack of overlap between fluorescence and absorption spectra.
The response functions of donors (M) and acceptors (Y), if radiative migration can be neglected, are given by:
(1) (2) and where the notation is that adopted by Birks (1970) .
Two important characteristics of radiative transfer are as follows.
(1) The extent of radiative transfer does not affect the shapes of F,(t) and FYhl(t), only their intensities.
(2) Since scintillations involving radiative transfer involve two emission processes, each of which is less than 100% efficient, the greater the extent of radiative transfer the lower the total scintillation yield.
Exciton diffusion
The possibility exists that excited polymer segments can transfer energy to neighbouring segments thus resulting in a delocalisation of excitation energy analogous to exciton diffusion in organic molecular crystals (see for example North and Ross 1976, Fox et a1 1974) . Excitons diffuse through the material until they either decay spontaneously or are trapped. Trapping centres in the present case may be solute molecules, residual monomer or PVT excimer forming sites.
The relevant response functions are:
and where
The shapes of Fhl(t) and FYM(t) depend upon the trap concentration [Y] and the total scintillation yield can increase or decrease depending on whether the quantum yield of the traps is greater or less than that of the polymer segments (cf $3.1).
Long-range resonance transfer
This is the radiationless transfer of electronic excitation energy from a donor to an acceptor by a single-step process. A theoretical treatment of long-range resonance transfer has been presented by Forster (1948) , who bases his model on an interaction between the dipole moments of the donor and acceptor.
The rate of transfer between an isolated donor and acceptor separated by a distance R is given by where Ro in metres is given by and n is the refractive index of the medium, K 2 is an orientation factor (see Birks 1970) , Ir is in wavenumbers (cm-.') and the integral of F,(V)di is normalised to the donor quantum yield. For a random distribution of donors and acceptors with molecular rotation much slower than the transfer time K 2 has a value of 0.476. Forster (1949) derived an expression for the response function of donors in the presence of a random distribution of acceptors: 
An expression for the response function of the acceptor, in the case of a random spatial distribution, has been derived by Birks (1968) :
where a = k, -k, and However, the above expression for FYM(t) is only valid for the case k,, > ky since, if this is not the case, both m and a1I2 are imaginary.
The derivation of an expression for FYM(t) for the case kM < k , is given in the appendix. This expression is :
and D(x) is the 'Dawson integral', which is defined by Abramowitz and Stegun (1964) as:
Again, the response functions depend upon the acceptor concentration and an increase or decrease in the total scintillation yield can be expected depending upon whether the quantum yield of the acceptors is greater than or less than that of the donors.
Results and discussion
Undoped P V T
The fluorescence spectrum of PVT in solution (Hirayama 1963) consists of two bands: one centred around 285 nm which can be attributed to emission from polymer segments, and a broader structureless band around 330 nm which is characteristic of excimer emission. In solid PVT the polymer segment band is not observed even for fluorescence spectra measured in reflection (see figure 4) . This indicates that, in the solid, excited polymer segments transfer energy in a time which is short compared with their fluorescence lifetime and the transfer mechanism is non-radiative. The scintillation pulse profile of undoped PVT is shown in figure 3 . This data is fitted by a single exponential decay corresponding to a lifetime of 11.8 & 0.2 nanoseconds, and, although the x' value indicates that the situation is more complicated than a simple exponential decay, it can be argued that there is one dominant decay component and therefore one major emitting species. Also, the observation of a risetime limited only by the response of the instrument sets a lower limit of 2 x lo9 s -' on the energy-transfer rate. There are two species which could be responsible for the observed emission: PVT excimers and residual monomer. Although both of these can act as energy traps, there are three reasons for believing that residual monomer is the dominant trap.
(1) The fluorescence spectrum of bulk polymerised PVT shown in figure 4 is structured. and excimer emission is expected to be structureless.
(2) Bulk polymerised PVT contains a large concentration (ca 1% by weight) of residual monomer. This fluoresces at longer wavelengths than the polymer segments and can therefore be expected to trap energy.
(3) Basile (1964) demonstrated that most of the fluorescence from bulk polymerised polystyrene is a structured emission from residual monomer. Cast polystyrene (i.e. containing no styrene monomer) showed much weaker fluorescence, which was structureless and shifted to longer wavelengths.
The question now arises of how the energy gets from the polymer segments to the residual monomer. The possibilities are: radiative transfer, long-range resonance transfer, exciton diffusion or some combination of the above. Radiative transfer can be dismissed since polymer-segment emission is not observed in the fluorescence spectrum of bulk polymerised PVT.
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If long-range resonance transfer with excited polymer segments as donors and residual monomer as acceptors is responsible for the non-radiative transfer, the response function of the acceptors is given by equation (15). Since the structural unit of PVT is essentially the same as ethyl toluene, it is not unreasonable to assume similar values for qFL, and Tb, (i.e. q F M = 0.28 and = 31 nanoseconds, Berlman 1971). Further, assuming that all emission is at the absorption maximum of the residual monomer (i.e. il = 35000 cm-', E = 15000, y1 = 1.58) and using equations (7) and (lo), we obtain a value of [Yo] = 0.1 molar. This is clearly a lower limit and represents the maximum possible energy-transfer efficiency.
Since the concentration of residual monomer in bulk polymerised PVT is expected to be about 0.1 molar, efficient energy transfer can be expected. However, equation (15) predicts that the rise-time of the fluorescence should be observable on the lifetime instrument and the decay should be non-exponential. It is therefore concluded that Forster transfer cannot explain the observed data.
Exciton difl~isioii.
The response function of the traps, in the case of exciton diffusion, is given by equation (4). This results in the observation of a single exponential decay with no detectable rise-time, provided kk, > 2 x lo9 s-'. For a trap concentration of 0.1 molar this condition is satisfied provided the 'hopping time' of the excitons is less than lo-'' s, which should be the case in practice since Powell (1971) reports a hopping time of 1.7 x
In reality it seems likely that the non-radiative energy-transfer process is a combination of the above two mechanisms, with the diffusing excitons transferring energy to traps via the Forster mechanism. This case has been treated mathematically by Yokota and Tanimoto (1967) . s.
PVT containing naphthalene
The lifetime of naphthalene in PVT, measured by fitting the tail of a scintillation response profile to a single exponential, is 77 i -3 nanoseconds. Figure 4 shows the overlap between the PVT emission and naphthalene absorption spectra, and the critical-transfer concentration calculated from this is [Yo] = 0.4 molar.
Response profiles of scintillators containing 0.1, 1.0 and 10.0 g 1-' naphthalene (1 g I-' = 0.0078 molar) are shown in figure 5 , and the scintillation yield as a function of concentration is shown in figure 6 . The following conclusions can be drawn from these data.
(1) Since the scintillation yields at low and high concentrations are roughly equal, the quantum yields of naphthalene and residual monomer are roughly equal (i.e. ca 0.2).
(2) Energy transfer at low concentrations is mainly radiative, as indicated by the decreasing scintillation yield.
(3) Non-radiative transfer becomes increasingly important at naphthalene concentrations above about 2 g 1-'.
A concentration of 2.0 g 1-' corresponds to a value of 7 = 0.04, therefore longrange resonance transfer is clearly not the relevant non-radiative process. It is concluded that the mechanism is direct trapping of excitons by naphthalene molecules with residual monomer acting as competing traps. At naphthalene concentrations sufficiently high for Forster transfer from residual monomer to naphthalene to be efficient, most of the excitation energy is already being trapped by naphthalene and the Forster transfer therefore results in only a minor contribution.
P V T containing pj'" ,I ene
The fluorescence spectrum of pyrene in PVT is similar to that in dilute solution. Even at the highest concentration used in the present work, no pyrene excimer .. fluorescence was observed. This is taken as a reasonable indication that the pyrene molecules were randomly distributed throughout the bulk of the polymer. The overlap between the PVT emission and pyrene absorption spectra yields a value of [Yo] = 0.03 molar, and the lifetime of pyrene in PVT was measured to be 364 I: 13 nanoseconds.
Energy transfer in this system can be investigated by observing the rising edges of the scintillation response profiles. These are shown in figure 7 for pyrene concentrations of 0.0015. 0.009 and 0.02 molar. Interpretation is complicated by there being three components to the emission:
(1) Cerenkov radiation which IS seen as a sharp spike centred at time t = 0: (2) emission from residual monomer; and (3) pyrene emission. The intensities in figure 7 can be compared directly and it can be seen that the scintillation yield increases with increasing pyrene concentration and the rise-time decreases. Both of these factors are characteristic of non-radiative transfer.
In the case of figure 7(a) the transfer mechanism is almost certainly radiative. The concentration, 0.0015 molar, is too low to trap a significant proportion of excitons and is also much less than CY,]. The response profile observed consists of both residual monomer emission and emission from pyrene excited via radiative transfer. Note that even at this low concentration very little residual monomer emission escapes from the scintillators. At higher concentrations it can therefore be neglected. Figure 7 (6) can be explained in terms of pyrene excited radiatively, via long-range resonance from residual monomer, and by direct exciton trapping. In this case the pyrene concentrations are only a small fraction of that expected for residual monomer. However, fairly efficient Forster transfer from the residual monomer to the pyrene occurs since 7 = 0.3. Figure 7 (c) can be explained in a similar manner to figure 7(b) with the modifications that, since the concentration of pyrene is higher, direct trapping of excitons is more important and the Forster transfer is also more efficient.
PVT containing p-terphenyl
The lifetime of p-terphenyl in PVT, measured using flash-lamp excitation, is 1.18 & 0.2 nanoseconds and spectral overlap calculations yield a value of [Yo] = 0.04 molar. Figure 8 shows the scintillations yield as a function of p-terphenyl concentration, and figure 9 shows the response profiles of scintillators containing 0.1, 0.5, 2.0 and 10.0 g 1-' p-terphenyl (1 g 1-' = 0.0043 molar).
Exactly the same arguments apply with regard to the energy-transfer processes as in the case of pyrene. There are, however, two main differences: the lifetime of p-terphenyl is much shorter than that of the residual monomer and the spectral overlap is smaller. The latter results in the observed decays being composed of contributions from both the residual monomer and the p-terphenyl. At low p-terphenyl concentrations the response profile is little different to that of undoped PVT (see figure 9(a) ). As the concentration is increased a fast decay component appears, which gets faster and more intense with increasing concentration. This is exactly the behaviour predicted by equation (15) (15) and (4) (where kh > 2 x lo9 s-').
One further point is that the scintillation yield at high p-terphenyl concentrations is approximately 33 times the yield of the undoped material. This indicates that the quantum yield of p-terphenyl in PVT is around 0.7, which seems a reasonable est iniat e.
Conclusions
It is concluded that the energy-transfer mechanism in plastic scintillators can be described by the kinetic scheme shown in figure 10 . In bulk polymerised plastic scintillators containing high-solute concentrations, direct exciton trapping by the solute molecules is the dominant process, but at low concentrations trapping is predominantly by residual monomer. In the latter case energy transfer from residual monomer to the solute can occur either radiatively or due to long-range resonance, and the degree of transfer is determined by the absorption spectrum of the solute. It has been shown by Forster (1949) 
